F ractal structures have potential for a wide variety of applications in science and engineering. In particular, tuning the characteristics of electromagnetic radiation is one of the most important applications. [1] [2] [3] Fractal structures have unique properties that are associated with their space-filling nature, with diverging surface area within a finite volume (or diverging boundary length within a finite area); [4] [5] [6] among these properties is the existence of multifrequency resonances. [7] [8] [9] [10] [11] Thus, extremely small antennas can be implemented by utilizing the compact footprint of a fractal structure without sacrificing its length/surface area requirement(s), while at the same time multifrequency emission peaks can be implemented.
In our previous work, 12) we reported the multifrequency emission of terahertz (THz) radiation from a photoconductive antenna that consists of a metallic fractal pattern fabricated on a semi-insulating gallium arsenide (SI-GaAs). Here, we report in more detail the THz emission characteristics from fractal antennas. THz technologies have shown remarkable development during the past decade for various applications, including medical diagnostics, [13] [14] [15] security applications, [16] [17] [18] and information technology. [19] [20] [21] To generate THz radiation, a photoconductive antenna is typically used that consists of a metallic antenna pattern fabricated on a semiconductor substrate. For practical THz applications, high power and multifrequency emissions are crucial. There is potential to realize such useful radiation by adopting fractal structure for photoconductive antenna designs. Owing to the self-similar structure of our H-fractals, our photoconductive antenna emits THz radiation at multiple resonant frequencies. In addition, by modifying the structure of the fractal pattern, we have enhanced the emission power for THz radiation.
Photoconductive antennas made with a 200-nm-thick gold film were fabricated on SI-GaAs substrates by a lithographic technique. Figure 1 shows a photographic image of a typical fractal antenna used in our experiment. We utilized an H-fractal pattern to design photoconductive antennas for generating THz radiation because the H-fractal can be regarded as a multiply-combined dipole antenna. H-fractals were generated from a 50-mm-thick line of length L 1 , defined as the first-level of the structure. The line of the second level (L 2 ) is oriented along the direction perpendicular to the first level and connected at its midpoint to the end of the first level line, forming part of an H. The third and fourth levels are constructed similarly except that the line length is scaled down by a factor of 2 (L 3 and L 4 ). By continuing this procedure, a self-similar H-fractal structure is realized. In our experiment, the fractal pattern consists of eleven levels at maximum. A 5-mm-wide gap is fabricated at the center of the first-level line for exciting the transient current by illumination from a femtosecond laser pulse.
The emission spectra of THz radiation from the fractal antennas were measured by THz time-domain spectroscopy (THz-TDS). 22) THz radiation was emitted from the photoconductive fractal antenna illuminated by a 120 fs laser pump pulses of 30 mW at 800 nm. The bias voltage applied to the emitter was 25 V. The pump and probe laser pulses were focused by a lens with a 30 mm focal length. The emitted THz radiation was collimated and focused with a silicon lens and a pair of off-axis paraboloidal mirrors, and detected by a dipole-type photoconductive antenna (dipole length is 70 mm) gated with time-delayed probe laser pulses, diverted from the pump pulses. The detected polarization of the THz wave is parallel to the line of the first level of the fractal structure.
Figure 2(a) shows the emission spectra from H-fractal antenna with five fractal levels. The line length of the first level is 300 mm. Three emission peaks are observed at 0.10 THz (mode 1), 0.16 THz (mode 2), and 0.25 THz (mode 3). The peak intensities of mode 1 and mode 3 are almost twice that of a bow-tie antenna whose width is 300 mm, 12) indicating the relatively strong resonance of the H-fractal structure. Such a multiple-peak emission is a discriminative characteristic of the fractal structure. In our previous study, 12) the spatial current distribution for each peak/mode was examined so as to clarify the origin of the multiple-peak emissions. As shown in Fig. 2(b) , each mode shows a different current distribution. For the emission peak of mode 1, the main current responsible for the THz radiation is located at the first-level line. Considering that the length of the first level is 300 mm, the peak frequency of mode 1 is much lower than that expected from the simple half-wavelength resonance. This is because the effective refractive index for the emitted electromagnetic wave is affected by the GaAs substrate. 12) For the emission peak of mode 3, on the other hand, the main current is located at the third-level line. There are other modes that are characteristic to the fractal structure. In mode 2, for example, the main current is located at the third-level line, which is the same as in the case of mode 3. For mode 2, a part of the current along the first level is out of phase with the current along the third level, while the currents along the first and third levels are in phase for mode 3. This phase mismatch between currents in the first-and third-level lines makes the peak intensity of mode 2 much lower than that of mode 3. The difference in peak intensity for each mode may also be attributed to the emission angle distribution. However, since such an analysis is beyond the scope of this study, we will discuss it elsewhere.
We investigate the size effect of emission spectra. Figure 3 shows the emission spectra of five-level fractal antennas with various lengths of the first level line L 1 . The line widths are W ¼ 50, 50, 40, and 10 mm for antennas with L 1 ¼ 500, 300, 200, and 100 mm, respectively. In our previous study, 11) the effect of W on the resonant characteristic of the fractal structure was much smaller than that of L. For the antenna with L 1 ¼ 500 mm, three emission peaks corresponding to three resonant modes are observed. With decreasing length of L 1 from 500 to 100 mm, the peak frequency of each mode is observed to shift to a higher frequency.
To obtain more multiple-frequency resonances, we fabricated three photoconductive antennas with different fractal levels. By increasing the number of fractal levels, an increasing number of emission peaks is expected. Figures 4(a)-4(c) show the emission spectra from fractal antennas with fractal levels of 11, 7, and 5, respectively. In this experiment, L 1 ¼ 1000 mm for all three antennas and W ¼ 10, 50, and 50 mm for fractal levels of 11, 7, and 5, respectively. For the antenna with five levels [Fig. 4(c) ], two strong emission peaks are observed at 0.03 and 0.07 THz, corresponding to the emission peaks of mode 1 and mode 3 in Fig. 2(a) , respectively. Since L 1 ¼ 1000 mm for Fig. 4(c) , the resonant frequencies of mode 1 and mode 3 should be 3.3 times as low as those observed in Fig. 2(a) ( f mode1 ¼ 0:10 THz and f mode3 ¼ 0:25 THz for L 1 ¼ 300 mm). For the antenna with eleven levels [ Fig. 4(a) ], nine emission peaks can be observed. As discussed above, each emission peak basically corresponds to the half-wavelength resonant frequency of a metallic line at the appropriate fractal level. With increasing fractal level there are more lines of different lengths and hence the number of emission peaks increases. The assignment of the emission peaks of these higher order modes observed in Fig. 4(a) is too complex to analyze in our computational simulation because many patterns of the spatial distribution of current must be considered. We also investigate the emission characteristics of structure-modified fractal antennas, with the goal of enhancing the emission power. Images of four fractal antennas investigated in this experiment are shown in the insets of Figs. 5(a)-5(d). These fractal antennas are based on the seve-level fractal antenna, as shown in the inset of Fig. 5(a) , which is the same sample as that used in Fig. 4(b) . Figure 5(b) shows the emission spectra of the fractal antenna that consists of half of the seven-level fractal structure [see inset of Fig. 5(b) ]. The overall emission intensity is lower than that of the original fractal structure in Fig. 5(a) . In particular, the emission peak observed at 0.06 THz in Fig. 5(b) becomes significantly lower. On the other hand, the fractal antenna that consists of a diagonal half of the seven-level fractal structure [see inset of Fig. 5(c) ] shows emission intensity comparable to that of the original fractal antenna. These results indicate that this diagonal structure is required for high emission efficiency. Another structure of the modified fractal antenna is investigated. The emission spectrum is shown in Fig. 5(d) . In this case, we remove the inner part of the seven-level fractal [see the inset of Fig. 5(d) ]. The overall emission intensity for this antenna is twice as large as that of the original fractal. In particular, the lowest emission peak observed at 0.03 THz becomes much higher. This result indicates that the presence of the inner part of the fractal structure actually weakens the emission intensity owing to the cancellation of currents at the thirdlevel line.
In summary, we have investigated the THz emission from photoconductive antennas with fractal structures. We observed that the number of emission peaks increases with increasing fractal level. We also found that the emission intensity from the fractal antenna can be enhanced by modifying the fractal structure. These results indicate that there is a possibility of making fractal THz antennas with relatively high power compared with the bow-tie antenna, which is typically used in THz-TDS. 
